Chemical reactions on sulfuric acid aerosols have recently been shown to play an important role in stratospheric chemistry. In particular, these reactions push odd-nitrogen compounds into HNO3 and thereby enhance the chlorine-catalyzed destruction of ozone. It has been suggested that our current set of heterogeneous reactions may be incomplete. Indeed we show that forinaldehyde, CH20, is rapidly and irreversibly taken up by stirred sulfuric acid solutions (60 to 75 wt % H2SO4 at -40 ø to -65øC) with uptake coefficients as large as ¾ = 0.08. If similar uptake occurs under stratospheric pressures of CH20 (that is, 1000 times lower than used in the present study), then the reinoval of CH20 from the gas phase can take away a significant source of odd hydrogen in the nfid-and high-latitude lower stratosphere. We show here that with the inclusion of this reaction, concentrations of OH and HO2 are reduced by as much as 4% under background levels of aerosols and more than 15% under elevated (volcanic) conditions. Further, the accumulation of CH20 in stratospheric aerosols over a season may alter the composition and reactivity of these sulfuric acid-water mixtures.
INTRODUCTION
In the past several years, laboratory, field, and modeling studies have provided mounting evidence that heterogeneous reactions on naturally occurring stratospheric aerosols could be impacting ozone on a global scale. In particular, laboratory measurements [Mozurkewich and Calvert, 1988; Tolbert et al., 1988; Van Doren et al., 1991; Hanson and Ravishankara, 1991a] have shown that reactions (1) and (2) occur on sulfuric acid solutions thought to be representative of the stratospheric sulfate layer. These studies suggest that reaction (1) occurs readily under all stratospheric conditions. In contrast, reaction (2) occurs efficiently only on dilute sulfuric acid solutions.
N205 + H20 (+ sulfate) --> 2 HNO3 (+ sulfate)
(1)
C1ONO2 + H20 (+ sulfate) --> HOC1 + HNO3 (+ sulfate) (2)
The predominant role of reactions (1) and (2) is to push oddnitrogen compounds, particularly NOx (=NO + NO2) into HNO3.
Reductions in the abundance of NO and NO2 shift the balance of chlorine species from the inactive forlns (e.g., HC1 and C1ONO2) to species more active in catalyzing ozone loss (e.g., C10).
Photochemical model studies that include reaction (1) on the sulfate layer suggest that this reaction may contribute to the observed decrease in mid-latitude ozone over the past 11 years [Mather and Gaseous formaldehyde (CH20) is formed in the stratosphere by the oxidation of methane. The cycle of methane oxidation continues to CO and provides a significant source of odd hydrogen (HOx = OH + HO2 + 2H202) in the lower stratosphere. If heterogeneous processes were to remove a significant fraction of stratospheric CH20, then reductions in HO 2 and OH could occur.
Herein Further, we propose that the presence of condensed formaldehyde in the stratospheric sulfate aerosols could have implications for the reactivity of the aerosols toward other trace species.
EXPERIMENT
The uptake of CH20 by sulfuric acid solutions is studied using a Knudsen cell flow reactor described previously [Golden et al., 1992] . Briefly, the Knudsen cell consists of two chambers separated by a 4-inch diameter butterfly valve. The sulfuric acid solutions (10 -20 ml) are placed in the lower chamber which is cooled using thermoelectric coolers. The solutions are prepared by diluting cormnercial 96.5 wt % H2504 with distilled water. The final H2504 concentrations are determined by titration. The sulfuric acid is stirred using a 1-cm glass stir bar at a spinning rate of 20 rev/min. This level of stirring is ve•3, gentle and we esthnate it does not increase the overall surface area of the solution by more than 20%. All of the solutions used in the present study were liquid, although the 75 wt % solution at low temperature was quite viscous and difficult to stir.
The upper chamber of the IQludsen cell is coupled to a differentially pumped mass spectrometer through a calibrated escape orifice. The mass spectrometer intensity for a given molecule is proportional to its flow, F (molecule s-l), out of the Knudsen cell. CH20 is conveniently monitored using mass peak m/e 29. In a typical experiment, gaseous CH20 is initially routed through the upper chamber, bypassing the sulfuric acid surface. Changes in the mass spectrometer signal for mass 29 that occur when the valve is opened are used to determine the amount of CIt20 lost during exposure to H2504. We look for gaseous reaction products by scanning the mass spectrometer over all mass peaks froln m/e 1 to 68. After each exposure the reversibility of the uptake is checked by turning off the flow of CH20 and monitoring mass peak m/e 29 while continuing to stir the sulfuric acid solutions. The mass spectrometric data and reactor temperature are acquired using a microcomputer, with one data set collected approxhnately every 1 -5s.
The experimental quantity that is measured in the present work is the time-dependent net uptake efficiency, ?(t), defined as the fractional collision frequency that leads to Ctt20 uptake by the solution. The net uptake efficiency is determined using equation (4) ? (t)= Ah/As { (Fø-F(t))/F(t) } (4) [Quinlan et al., 1990] The CH20 densities used in the present experiment are considerably higher than those expected in the stratosphere, = 107-108 molecule cm -3. Recent laboratory work on the pressure dependence of the C1ONO2 reaction on solid PSC surfaces showed that higher reactant concentrations can lead to surface saturation and lower apparent reaction rates [Hanson and Ravishankara, 1991b] . In contrast, studies of reactions (1) and (2) on liquid sulfuric acid solutions have not shown pronounced pressure dependences. This may be due to the fact that these reactions on sulfuric acid surfaces form primarily gaseous products. If the CH20 reaction saturates in sulfuric acid, then we would expect the uptake efficiency to decrease with time. The rate at which saturation occurs will depend on both the CH20 density and the sulfuric acid volume. Although our experiments use much higher CH20 densities than found in the stratosphere, we also use much larger volumes of sulfuric acid. A more detailed discussion of saturation effects is provided below. 10 TM molecule s -1 without being exposed to the sulfuric acid solution. After approximately 100 s, the butterfly valve is opened to expose the unstirred sulfuric acid to the CH20. The drop in signal indicates that CH20 is being lost to the solution. At 220 s, the solution is gently stirred while continuing to expose it to CH20. Here, a major decrease in m/e 29 signal indicates that the stixring greatly increases the formaldehyde uptake. When the stirring is stopped at 300 s, the signal slowly returns to near its previous nonstirred value. Finally, when the valve is closed, the CH20 returns to its original level, indicating that the incoming flow into the IQ•udsen cell was steady. In parallel control experiments using a cold cell but without sulfuric acid present, we observed no formaldehyde uptake. For example, Figure lb shows the signal resulting from the exposure of CH20 to the cold cell at -56øC. In this case, the CH20 flow was initially 1.8x1016 molecule s -1, approxi•nately 2 orders of inagnitude higher than used in the sulfuric acid experiments. Because formaldehyde polymerization is known to occur at high Ctt20 pressures and low temperatures [Walker, 1964] , the higher pressure used in the control experiment offers a more stringent test of uptake by the empty cell. At 90 s, the butterfly valve was opened to expose the cold cell to CH20. The signal actually increased btiefly in this case, due to a small pressure but'st that results froin compression of the o-ting seal as the butterfly valve is opened. Similar results were obtained using lower flows of CH20. The lack of measurable uptake of formaldehyde on the cold empty cell suggests that the observed uptake is indeed due to the presence of the sulfut'ic acid. One potential problem with this conclusion lies in the fact that different water vapor pressures were present in two experi•nents, due to the water vapor froin the sulfuric acid solution that was not present in the conta'ol experiment. However, we do not think that this is a inajor problem, as suggested by the stirred vecsus nonstirred results discussed below.
Although we always observed significant CH20 uptake on sulfuric acid whether or not we stirred the solution, we found that we were only able to obtain reproducible results (within estimated uncertainty of _+ 50%) when the solution was stin'ed. We have previously observed similar behavior for reaction (1) on II2SO4 as a function of stixring the solution [Golden et al., 1992] . We believe that without stirring, the sulfuric acid surfaces are rapidly saturated due to relatively slow diffusion in the liquid and large gas concentrations. Of concem is the possibility that stin'ing affects the laboratory solution in a way not possible for actual stratospheric aerosols. However, stratospheric conditions of large aerosol surface to volume ratios and small gas number densities favor a much cleaner surface in the stratosphere than in the laboratory and thus real aerosols may not requixe stirring for high reactivity. Also stratospheric sulfate aerosols are continually undergoing evaporation/condensation in equilibrimn with the background water vapor, thus ensuring a constantly renewed surface. Note also that the fact that stirring increases the observed CH20 uptake reinforces the results of the above control experiment indicating uptake by the sulfuric acid rather than the container walls.
In what follows, we report the uptake efficiency using the signal level observed while stixring the sulfuric acid solutions. For the data in Figure la we obtain an uptake efficiency of T = 0.068. Note that if we had chosen to evaluate the uptake efficiency at the pseudo stable level shown in Figure la Dui'ing the exposure to formaldehyde we probed the gas phase for reaction products by scanning the mass spectrometer over the range m/e = 1 to 68. We observed no new peaks in the mass spectrometer over this range as a result of the interaction. It therefore appears that the uptake of formaldehyde by sulfuric acid was not accompanied by release of gaseous products. After the exposure to formaldehyde we tested the reversibility of uptake by pumping on the sulfuric acid solution while sthxing. We were never able to see any formaldehyde released froln the solution to the gas phase at levels over our background m/e 29 signal. We thus conclude that the uptake of formaldehyde under the pressure and temperature conditions used is not reversible.
It would be very unlikely for us to have saturated the bulk sulfuric acid solution under our conditions. For the experiment in Figure 3 that the uptake efficiencies actually increase with increasing sulfuric acid concentration over the reported range. (An exception is the lower uptake by 67 than 60 wt % H2SO4, where we believe the differences in q( are not statistically significant.) This behavior of increasing reactivity with increasing H2SO4 concentration has not been noted previously. For C1ONO2, HC1, and HNO3 the uptake efficiency decreases with increasing sulfuric acid concentration, while there appears to be very little acid-concentration dependence for the N205 uptake. Thus from (1) the apparent h'reversibility, (2) the lack of gas phase products, and (3) the dependence on wt % H2SO4, the uptake of formaldehyde appears to involve very different chemistry than has been reported previously for nitrogen and chlorine compounds. Because we observe no gaseous products, we believe that the dramatic change in uptake efficiency near 70 wt % H2SO4 may be related to changes that are occurring in the condensed phase. In water it is well known that formaldehyde is found almost entirely as methylene glycol, with Keq = 2.5x103 for reaction (3a)[FinlaysonPitts and Pitts, 1986]. The speciation of formaldehyde in sulfuric acid at low temperatures is not well established but has been studied at room temperature by McTigue and Sime [1963] using ultraviolet spectroscopy and condensed phase reactivity with Br2. They found that for sulfuric acid concentrations less than 71 wt %, methylene glycol dominated, whereas protonated formaldehyde from reaction (3b) dominated at higher sulfuric acid concentrations. Although their work was done at room temperature, it suggests that the speciation of condensed formaldehyde may change rapidly near 70 wt % H2SO4, right where we observe a large change in the uptake efficiency. If the formaldehyde partitioning is similar at -45øC, then our work suggests that CH20 uptake is enhanced by the formation of protonated formaldehyde. Another possibility is that the increase in formaldehyde uptake near 70 wt % is due to a new chemical reaction with some species in the sulfuric acid. For example, HSO4-has recently been proposed as a reactive species in stratospheric sulfate aerosols [Burley and Johnston, 1992a, b] . Experiments are currently in progress to determine the partitioning and reactivity of formaldehyde in concentrated solutions of sulfuric acid at low temperature.
All of the discussion thus far has focused on fah'ly dilute concentrations of formaldehyde in sulfuric acid. If the solutions of formaldehyde were to become quite concentrated in either the lab work or actual stratospheric aerosols, the possibility of formaldehyde polymerization exists. Concentrated aqueous solutions of formaldehyde (>5 wt % CH20) tend to form dimers and trimers, which eventually polymerize [Walker, 1964] . For example, an aqueous 5 wt % CH20 solution (--1.7 M) at 35øC has been found to contain 87.2% of the dissolved CH20 as the monomer, with the remainder being higher polymers [Walker, 1964] . The solutions we form in the Knudsen cell experiment are 3 to 6 orders of magnitude •nore dilute than this, and thus they are unlikely to support polymerization. We attempted to make concentrated solutions of formaldehyde by dissolving paraformaldehyde in bulk sulfuric acid. We found that we were only able to make solutions as concentrated as 2M CH20 in 75 wt % H2SO4 at room temperature using paraformaldehyde. Gaseous CH20 uptake by sulfuric acid solutions may lead to a different apparent solubility limit. (2)). In Figure 4 we examine the standard aerosol chemistry (reactions (1) and (2) In all of these model predictions we see that the largest perturbations to stratospheric chemistry caused by heterogeneous reactions are associated with changes in the NOx-HNO3 balance, and thus the primary uncertainty is the determination of the NOx levels (that is, a combination of c•, T1, and T2). }lowever, a secondary but still hnportant pertm'bation to the chemistry is caused by the removal of CH20, as shown here. An hnmediate question arises as to whether other parts of the HOx cycle can be hnpacted by heterogeneous chemistry. Sensitivity studies with the chemical model were used to examine the importance of heterogeneous uptake of peroxides (H202 and CH3OOH) and peroxy radicals (}IO2 and CH3OO). If these species are also rmnoved at rams shnilar to CIt2 ¸ (reaction (3) wt % or more of dissolved formaldehyde. Recall, however, that we were unable to make solutions of CH20 •nore concentrated than 2 M in room temperature 75 wt % H2SO4. Thus the i•xeversibility we observe for CH20 uptake under our experimental conditions may not be relevant for the very high CH20 concentrations we estimate to be present in atmospheric 1t2SO4 aerosols. Nonetheless, the presence of = 1 M solutions of Clt20 in stratospheric sulfate aerosols may substantially change the reactivity or solubility of other gases in the sulfate layer.
CONCLUSIONS

Knudsen cell flow experiments have shown that gaseous
formaldehyde is readily taken up by stirred sulfuric acid solutions with uptake efficiencies as large as ht = 0.08. The CH20 uptake increases with increasing sulfuric acid concentration above 70 wt %. This increase in ht coincides with formation of protonated formaldehyde in room temperature solutions as determined by McTigue and Sime [1963] . FroIn a combination of the apparent irreversibility, the lack of gas-phase products, and the dependence on wt % H2SO4, we believe that the uptake of formaldehyde involves very different chemistry than has beer reported Ia'eviously for nitrogen and chlorine compounds. If similar uptake occurs under stratospheric pressures of CH20 (that is, 1000 times lower than used in the present study), then the removal of CH20 from the gas phase can take away a significant source of odd hydrogen in the mid-and high-latitude lower stratosphere. We show here that with the inclusion of this reaction, concentrations of OH and HO2 are reduced by as much as 4% under background levels of aerosols and more than 15% under elevated (volcanic) conditions. Further, the accumulation of CH20 in stratospheric aerosols over a season, reaching --1 M solations, will alter the composition and may even change the reactivity of these sulfuric acid-water mixtures. For example, a reaction between condensed CH20 and HNO3 could potentially reverse the NOx to HNO3 conversion caused by reaction (1) on stratospheric sulfate aerosols. Shnilarly, if dissolved CH20 alters the solubility or reactivity of chlorine reservoir species (HC1, CIONO2) in H2SO4, then a change in the partitioning between active and inactive chlorine could result. Additional laboratory studies of the trace gas solubilities and condensed phase reactions for HOx reservoir molecules such as CH20 and H202 in sulfuric acid are needed to make these ideas more quantitative.
